Purpose The purpose of this study was to investigate the cause of repeated multipronucleus (MPN) formation in zygotes in a patient after both in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI). Method This is a case study. A patient had unexplained primary infertility with recurring total MPN zygotes after IVF and ICSI cycles. Time-lapse monitoring of pronucleus formation was carried out. Embryos developed from MPN zygotes were analyzed by fluorescence in situ hybridization (FISH). Single-cell RNA-seq analysis was used to identify gene expression profiles of the patient's oocyte and zygote, and these were compared to the data from oocytes and zygotes from donors with normal fertilization (patient, n = 1; donors, n = 4). Oocyte-specific genes with differential expression were selected by the Amazonia! database. Results From time-lapse analysis, we observed the formation of multiple micronuclei near the site of the second polar body extrusion. These micronuclei migrated, expanded, and juxtaposed with the male pronucleus leading to a multipronucleus. None of these MPN zygotes could develop to the blastocyst stage, and FISH analysis revealed a chaotic chromosomal complement in the arrested embryos. RNA-seq analysis showed 113 differentially expressed genes (DEGs) between the patient and the donor oocytes and zygotes. Moreover, 25 of the 113 DEGs were unique or highly expressed in oocytes and early embryos. From 25 DEGs, three genes, DYNC2LI1, NEK2, and CCNH, which are involved in meiosis and the chromosome separation process, were further validated by real-time PCR. Conclusion We identified several candidate genes affecting pronucleus formation as a new cause of infertility.
Introduction
Pronuclear (PN) formation and development is a critical process during fertilization by which the parental chromosome complements merge and give rise to the zygotic genome. The entire process has been observed in detail in humans, and includes four major steps: formation of membrane vesicles [1] ; assembly of the nuclear pore complex [2] ; assembly of the nuclear lamina scaffold [3] ; and aggregation of the parental pronucleus [4] . During the formation of the maternal pronucleus, membrane vesicles near the second polar body (PB) first appear approximately 6-7 h after sperm penetration [5] . Then, the membrane vesicles become progressively incorporated into the maternal pronucleus either individually or in groups. At the same time, a continuous nuclear envelope (NE) is formed around the sperm components after remodeling [6, J. Dai and L. Z. Leng contributed equally to the work.
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The online version of this article (doi:10.1007/s10815-017-0972-9) contains supplementary material, which is available to authorized users. 7] . The integrity of the NE is regulated by the activity of oocyte-derived protein kinase and phosphatase interacting with lamin A, B, and C [8] . Once pronucleus formation occurs, the envelopes of the pronuclei make contact with each other. The maternal pronucleus is drawn toward the male counterpart, and the two pronuclei are juxtaposed and positioned in the central or paracentral region of the cytoplasm [9] .
Occasionally, more than two pronuclei can be observed in zygotes derived from in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI) [10] [11] [12] [13] . It is generally assumed that the formation of multiple pronuclei is due to polyspermic penetration or the failure of a second PB extrusion, especially in the case of 3PN [13] . However, oocytes with more than 3PN have been reported on rare occasions. One study has reported the case of a normal birth after a 2PN-derived embryo transfer in a patient with excessive multipronucleus (MPN) zygote formation following IVF and ICSI [14] . Nevertheless, the reason for the occurrence of MPN in these zygotes remains unclear.
In this study, we used time-lapse observation and single-cell transcriptional analysis to investigate a case with repeated MPN formation after IVF and ICSI in order to elucidate the mechanism underlying MPN formation in human oocytes after fertilization and to determine the genes involved in abnormal pronucleus formation.
Materials and methods

Resources and ethical approval
This is a case study of a patient with repeated MPN formation after IVF and ICSI. One mature oocyte, one MPN zygote, and six arrested embryos from the patient were collected with informed consent for further analysis. The study protocol was approved by the Ethics Committee of the Reproductive and Genetic Hospital of CITIC-Xiangya (reference LL-SC-SG-2013-012).
Case report
A 42-year-old woman with unexplained primary infertility for 16 years was admitted to the Reproductive and Genetic Hospital of CITIC-Xiangya. The woman's body mass index was 22.64, and her average menstrual cycle was 29-37 days. In 1999, she underwent a partial oophorectomy because of a right ovarian teratoma and had no radio-or chemotherapy thereafter. She had lipiodol angiography conducted in 2008 that revealed hydrosalpinx in the left fallopian tube. Her husband had normal semen characteristics. Normal karyotypes were revealed for both husband and wife. She had two sisters and a brother in her family, all of whom had biological offspring. There was no family history of infertility.
The first treatment started in November 2008 when the patient was 36 years old. Ultra-sound examination revealed an antral follicle count of 12 in the left ovary and a basal folliclestimulating hormone (FSH) level of 5.27 mIU/mL. The long agonist protocol followed by ovarian stimulation with a combination of recombinant follicle-stimulating hormone (Gonal-F, Merck Serono, Darmstadt, Germany) and human menopausal gonadotropin (HMG, Livzon, Zhuhai, China) was used. Ovulation was triggered with 10,000 IU human chorionic gonadotropin (HCG, Merck Serono, Darmstadt, Germany). Four mature oocytes and one immature oocyte were retrieved. The four mature oocytes were split for both ICSI and IVF. At fertilization check, 18 h post IVF/ICSI, two MPN zygotes were obtained from IVF and one obtained from ICSI. Another oocyte obtained from the ICSI group had no pronucleus formation. The three MPN zygotes further cleaved to eight-cell, sixcell, and four-cell embryos on day 3. All embryos were discarded and not used for research.
The second treatment was initiated in November 2013 when the patient was 41 years old. The patient had an antral follicle count of five in the left ovary and basal FSH levels of 6.13 mIU/mL. The patient received the ultra-short agonist protocol followed by a combination of triptorelin (Ipsen, Paris, France), HMG (Livzon), and urofollitropin (Livzon, Zhuhai, China) for ovarian stimulation. Ovulation was triggered with 6500 IU HCG (Merck Serono). Seven oocytes were retrieved. Of these, six mature oocytes were subjected to ICSI. After 18 h, we observed one 5PN zygote, one 7PN zygote, one 8PN zygotes, one NPN oocyte, and one degenerated oocyte. The four MPN zygotes cleaved to three five-cell and one three-cell embryo on day 3 and arrested in further blastocyst culture. The four arrested embryos were used for fluorescence in situ hybridization (FISH).
The third ICSI treatment was initiated in July 2014 when the patient was 42 years old. The patient had an antral follicle count of five. The basal FSH level was 6.13 mIU/mL. We conducted the GnRH antagonist protocol followed by a combination of GnRH-a (Merck Serono), HMG (Livzon), and urofollitropin (Livzon) for ovarian stimulation. Ovulation was triggered with 6500 IU HCG (Merck Serono). A total of nine oocytes were retrieved, of which four were mature. Among the four mature oocytes, three were subjected to ICSI and one oocyte was donated for single-cell transcriptional analysis. The three mature oocytes fertilized after ICSI were placed individually and cultured in G1 plus medium with time-lapse imaging by the Primo Vision system (Vitrolife, Goteborg, Sweden). Images of each embryo were recorded every 5 min. The three mature oocytes fertilized by ICSI became MPN zygotes (one 6PN, one 7PN, and one 8PN). The 8PN zygote was donated for single-cell transcriptional analysis. The other 6PN and 7PN zygotes cleaved to two five-cell embryos on day 3 and were donated for FISH analysis.
In the fourth treatment cycle in January 2015, the patient received eight donated oocytes for ICSI, which resulted in six normal fertilized 2PN zygotes and one abnormal fertilized (1PN) zygote. The six 2PN zygotes developed into one nine-cell, two eight-cell, two seven-cell, and one five-cell embryos on day 3. All embryos were cryopreserved for frozen embryo transfer. In the FET cycle, one nine-cell and one eight-cell embryo were thawed and transferred. A clinical pregnancy with a gestational sac and fetal heartbeat was achieved. Table 1 summarizes the four treatments with detailed information.
FISH of embryos exhibiting arrested development
The four embryos from the second cycle and two embryos from the third cycle were donated and collected for FISH Multiple nuclei were located in the center of the blastomere (arrowhead). Scale bar represents 10 μm assays as previously described [15] . The blastomeres were separately aspirated and fixed with 0.01 N HCL + 0.01% Tween. FISH was performed in the first round of hybridization using a DNA probe panel (Vysis, Abbott Molecular Inc., Des Plaines, USA) for chromosomes 1 (chromosome enumerating probe (CEP) 1, red), 11 (CEP 11, aqua), and 12 (CEP 12, green). Then, the slides were rinsed in 75% ethanol, 90% ethanol, and absolute ethanol for 2 min each. After air-drying, the second hybridization round used the DNA Probe Panel for chromosomes 18 (CEP 18, aqua), X (CEP X, green), and Y (CEP Y, red). Other procedures were the same as those used in the first round.
Single-cell transcriptional analysis RNA was isolated from single cells and amplified by a modified SMART-seq2 protocol [16] . Briefly, the zona pellucida of the one oocyte and one 8PN zygote from the third treatment cycle was removed by acidic Tyrode's solution. Individual cells were transferred into lysis buffer, and the samples were incubated at 72°C for 3 min, and immediately placed on ice. After cell lysis, reverse transcription was carried out on a thermal cycler using the following cycle parameters: 42°C for 90 min, 10 cycles of 50°C for 2 min and 42°C for 2 min, followed by incubation at 70°C for 15 min. Then, complementary DNA (cDNAs) were amplified by PCR according to the following protocol: 3 min at 98°C; 18 cycles of 15 s at 98°C, 20 s at 67°C, and 6 min at 72°C, as well as an extension step of 5 min at 72°C. The amplicons were purified with Ampure XP beads, and cDNA was eluted in 20 μL of EB solution (10 mM Tris-HCL, pH 8.5, Qiagen, Duesseldorf, Germany). Equal amounts of cDNA from different time periods were mixed and fragmented into 300-500 bp sequences; cDNA libraries were eventually identified by detecting the size distribution on an Agilent high-sensitivity DNA chip, and amplified using TruSeq PE Cluster Kits (Illumina, CA, USA) after purification with Ampure beads (Agencourt, Beverly, MA, USA). Sequencing was carried out on an Illumina Hiseq 2000 (Illumina). The original image data generated by the sequencing machine were converted into sequence data via base calling (Illumina pipeline CASAVA v1.8.0) and then subjected to standard QC criteria. The distribution of gene expression in the sample was analyzed by using ggplot2.
Selection of differentially expressed genes and bioinformatics analysis
Single-cell RNA-seq analysis was performed to identify the differentially expressed gene profiles from one oocyte and one 8PN zygote from the patient in the third cycle when compared with gene profiles of oocytes and zygotes from four donors with normal fertilization (data from another unpublished project). The stimulation schemes and dose of patient and donors are listed in Supplementary Table 1 . Genes with an absolute fold change values of ≥2 compared with the each donor, and with a reads per kilobase of exon model per million mapped reads (RPKM) of >0.5 for at least one sample with a chosen intersection were considered to have differential expression. All genes were annotated with Gene Ontology (GO) categories using Molecular Annotation System 3.0 (http://bioinfo. capitalbio.com/mas3/). Based on the results of the enrichment analysis by MAS 3.0 and by calculating the p and q values, the genes were assigned to various categories: cellular component, molecular function, and biological processes. The Amazonia! database (https://www.amazonia. transcriptome.eu/search.php) was used to analyze the expression of differentially expressed genes (DEGs) in oocytes and tissue samples. The oocyte-specific genes were selected because they were uniquely expressed or highly expressed in oocytes compared to other tissues.
Validation of RNA-seq results by qRT-PCR
RNA-seq data were validated by determining the expression of three oocyte-specific genes by real-time PCR. Primers were designed by PrimerBank (Supplementary Table 2 ). Real-time PCR reactions were carried out in a LightCycler 480 II System (Roche, Basel, Switzerland) with SYBR green (LightCycler 480 SYBR Green I Master mix, Roche) using FastStart Universal SYBR Green Master (Roche). The reaction conditions were as follows: 5 min at 95°C followed by 45 cycles of 15 s at 95°C, 10 s at 58°C, and 10 s at 72°C. Amplification specificity was measured with a melting curve by heating the sample from 65 to 97°C.
Results
Abnormal pronucleus formation and multinucleated cells in mitosis
In the last 2 cycles, MPN zygotes were observed approximately 16-18 h post-insemination (p.i.) (Fig. 1A) . In the third cycle, time-lapse monitoring was utilized to observe the cellular behavior of three oocytes after ICSI (Fig. 1D) . The results revealed that the second polar body (PBII) was extruded 8.1 ± 3.4 h p.i. At approximately 10.7 ± 3.2 h p.i., five to seven vesicles, which emerged next to the site at which PBII was extruded with little fragmentation, could not coalesce to form a female pronucleus. These vesicles then migrated and juxtaposed with the male pronucleus, which had emerged at 15.2 ± 2.3 h p.i. At 24.3 ± 3.9 h p.i., both the female vesicles and male pronucleus expanded to a maximum diameter of approximately 9-12 μm and 17 μm for the female vesicles and male pronucleus, respectively (Supplementary video 1) . This result suggested that the abnormality of female vesicle assembly led to the formation of multiple female pronuclei in the ooplasm. Multinucleated cells were also observed in late mitosis, especially in each blastomere at the two-cell stage. These findings indicate that disordered assembly of pronuclei might affect the nuclear assembly in early mitosis (Supplementary video 2). All embryos were arrested from the two-cell stage to the eight-cell stage. FISH analysis of arrested embryos revealed a chaotic chromosome complement or separate nuclei in some of the blastomeres (Fig. 2) , further indicating that abnormalities in chromosome separation and duplication occurred in early mitosis. Three of six arrested embryos showed analyzable signals, and the other three embryos could not be analyzed because of poor embryo quality. However, morphokinetic parameters indicated that the average cell cycle time 2 (or P2, i.e., the time between the first and second mitosis) was 10.1 ± 2.3 h, while S2 (or P3, i.e., the time between or synchrony of the second and third mitosis) was 0.7 ± 0.5 h, and t5 (or the time from fertilization to the five-cell embryo stage) was 51.6 ± 2.3 h. All results were within normal ranges [17] .
In the fourth cycle, the donor oocytes were fertilized with the husband's sperm by ICSI. Apart from one 1PN and one nonepronuclear zygote, the remaining six oocytes developed into 2PN zygotes. One nine-cell, two eight-cell, two seven-cell, and one five-cell embryos were achieved on day 3. One nine-cell and one eight-cell embryos (Fig. 1C) were transferred and implanted successfully, indicating that the husband's sperm could fertilize oocytes from other donors, further confirming that the maternal factor led to the formation of MPN.
DEGs in oocytes and MPN zygotes
To explore the molecular mechanism underlying abnormal female pronucleus formation, one oocyte and one MPN zygote from the third treatment cycle were collected for singlecell transcriptional analysis. Data were compared with transcriptional data from four oocytes and four zygotes of four normal donors. An Illumina HiSeq2000 sequencer was used to generate an average of 7 Gb of sequencing data from single cells. We obtained an average of 94,396,674 and 86,215,348 total reads from the patient's zygote and oocyte, and an average of 90,832,331 and 72,870,337 total reads from donors' zygotes and oocyte. The average read length was 90 bp. The percentages of total mapped reads for the patient and control were 82.96 and 81.93%, respectively. The percentages of sequenced genes with gene coverage between 90 and 100% were 22.22 and 20.84% for the patient and control groups, respectively (Supplementary Table 3 ). Box and whisker plot showed that the derivation of transcription levels between different MPN zygotes and different oocytes has no significant difference, only a small subset of genes displayed difference (Supplementary Fig. 1) .
Genes with an absolute fold change values of ≥2 compared to the control and RPKM >0.5 for at least one sample were considered to be DEGs. The patient had 390 DEGs in the oocyte stage and 347 DEGs in the PN stage. Then, we Fig. 4 The percentage and expression of oocyte-specific gene. a Twenty-five percent of DEGs were specially expressed in oocytes. Others genes were tissue-specific or highly expressed in particular tissues. b Transcriptome analysis of patient and controls of the RPKM genes specifically expressed in oocytes identified the common DEGs that were simultaneously upregulated or downregulated in the oocyte and zygote stages. A total of 113 DEGs were identified (40 upregulated and 73 downregulated) between the patient and the controls ( Fig. 3; Supplementary Table 4 ). The 113 DEGs were analyzed by MAS 3.0 software and divided into three major GO categories: cellular component (20.3%), biological process (48.9%), and molecular function (30.8%) (Supplementary Fig. 2 ). Oocyte-specific genes with differential expression across tissues
As the MPN formation might be highly related to oocyte defects, we further analyzed the relative expression levels of the 113 DEGs in different tissues by using Amazonia! database software. Most DEGs were widely expressed in tissues. Additionally, 25% of the DEGs (n = 25) were uniquely expressed or were highly expressed in oocytes compared to other tissues (Fig. 4 ) [18] [19] [20] . As shown in Table 2 , 24 of the genes were downregulated and 1 was upregulated. These genes were listed as candidate genes by fold change, GO category, and pathway keywords. From 25 DEGs, the three genes DYNC2LI1, NEK2, and CCNH are related to the regulation of meiotic and chromosome separation, we then selected these three genes to validate the credibility of the RNA-seq analysis. The accuracy of the RNA-seq analysis was confirmed using real-time PCR to determine the differences in the mRNA expression levels between the test and control samples. The results of the fold change tendency of the three genes obtained by qRT-PCR and RNA-seq were similar, and the p values of all the genes were less than 0.05 (Fig. 5) . The qRT-PCR results corroborated the RNA-seq analysis.
Discussion
In this study, we evaluated a case with unexplained primary infertility caused by recurring MPN zygotes after IVF and ICSI cycles. In routine IVF practice, zygotes with more than 3PN in humans have rarely been reported. It is difficult to analyze MPN formation by traditional morphologic evaluation. Time-lapse analysis was used in the third treatment cycle, allowing us to observe the phenomenon of abnormal female PN formation, which could not be observed in the first 2 cycles. Thanks to this observation, we found for the first time that assembly error of the female pronucleus can be the cause of infertility.
The patient was treated with IVF at 36-year-old and underwent four treatment cycles during 7 years. Regardless of the fertilization method, stimulation protocol, and stimulation dose, the phenomenon of MPN still existed in all zygotes. However, normal 2PN could form with donor oocytes. So we suspect that it is not age or stimulation factors, but more likely female genetic factors that caused this phenomenon.
The mechanism of MPN formation has been described in animal models. In zebrafish, brambleberry (Bmb) is required for pronuclear membrane fusion following fertilization. Mutation of Bmb disrupts karyomere fusion, resulting in the formation of multiple pronuclei [21] . However, we did not identify a homolog in humans despite the high level of genome annotation. In mice, knockout of Kid/kinesin-10 leads to a failure of chromosomes to form a whole complement, causing in multipronuclei emerging in the center of the cytoplasm [22] . However, we did not detect expression dysregulation of its homolog gene KIF22 in the patient's oocyte and MPN zygote. To further investigate the molecular mechanism of MPN formation in this case, we performed single-cell transcriptional analysis of the patient's oocyte and MPN zygote, and compared the data to control samples with normal fertilization. Twenty-five candidate genes that were uniquely expressed or highly expressed in oocytes were selected, and DYNC2LI1, NEK2, and CCNH, which participate in the regulation of meiosis and chromosome separation, were further validated by qRT-PCR, and the results were consistent with those of RNA-seq. However, the mechanism of MPN formation is still unclear. This may be partially due to the limited sample size or the impact of different stimulation protocols on the oocyte transcriptome [23] [24] [25] [26] [27] . As such, transcriptional data from one mature oocyte and one MPN zygote only provide clues for further investigation. Future studies, including whole exon sequencing of the family or loss-of-function analysis of candidate genes, might help identify the exact mechanism of this phenomenon.
